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ABSTRACT

This report summarizes the research in ultrasonic measurements at the National
Institute of Standards and Technology (NIST) which was supported in part by the Physics
Division of the Office of Naval Research from 1982 to 1992. This represents work
accomplished since the last such summary report, NBSIR 82-2529, entitled "Ultrasonic
Rzsearch Summary Report and Literature Guide to the National Bureau of
Standards/Office of Naval Research Program.” References to the published literature
documenting this new work are included.
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INTRODUCTION

The ultrasonic research work summarized here was performed in the Ultrasonic
Standards Group of the Automated Production Technology Division a: the National
Institute of Standards and Technology. It represents the highlights of the research
sponsored in part by the Office of Naval Research frem 1982 until 1992, Much of the
work laid the foundation for subsequent calibration services, as was the case for acoustic
emission and ultrasonic power.




ACCOMPLISHMENTS

The major accomplishments of the wltrasonic research sponsored by the Office of
Naval Res+arch from 1982 until 1992 and performed by the Ultrasonic Standards Group
are summarized belovw.. The list is divided into nine separate categories ordered somewhat
chronologically, with some overlap occurring between categories.

I Conical Transducer Developments

» The ivBS conical transducer was designed as a high fidelity, point pickup,
acoustic emission piezoceramic sensor. One of the earlier versions possessed a
cylindrically symmetric backing and housing whicb acted to dampen resonance
artifacts aud absorb unwanted reverberations in the mechanical system. Subsequent
development led to an improved version with an irregularly shaped backing
designed to smear out the reverberations that make their way back to the
piezoceramic element. This resulted in the highest fidelity measurement to date of
dynamic displacement by means of a piezoelectric transducer.' ?

+ The correspondence between the electrical and mechanical descriptors of the
conical tracsducer used as a point-force generator and point-displacement sensor
were studied. The absolute calibration of the mechanical quantities such as force
and velocity of the transducer allowed this dirzct correspondence to be made. *

+ A high fidelity piczoclectric tangential displacemeni iransducer was deveioped
and evaluated for acoustic emission. Modal separation between the desired
tangential mode and the unwanted normal mode was shown to exceed 30 dB. **

II Acoustic Emission Caljbration Studies

¢ In a collaborative effort, two distinct methods of acoustic emission calibratiop
were compared by the Nippon Steel Corporation in Japan and by the Natioral
Bureau of Standards in the United States. A comparison of the reciprocit method
used in Japan with the surface-pulse method used in the United States
demonstrated very good agreement for the absolute sensitivities of the six
transducers calibrated. ¢’

e The variables and fundamental limitations that pertain to acoustic emission
sensitivity mneasurements were identificd. These studies helped to quantify the
NIST acoustic emission calibration precision, and led to mcaningful comparisons
between calibration results obtained using the NIST-based ASTM practice entitled
"Standard Method for Primary Calibration of Acoustic Emission Sensors” and other
calibration schemes. ®°




III Acoustic Emission Sources

e Many techniques to produce rapid transient disturbances in elastic media have

been used by acoustic emission workers. The ideal source would be a "point," have

a mathematically simple waveform, and possess a relatively large amplitude which

could be determined a priori. In a study to compare several of the techniques,

various sources using mechanical, electrical, and chemical devices were evaluated for .
their particular merits. '°

+ A Mil-Standard handbook was written to provide field operation assurance for
acoustic emission system operation by means of simulated acoustic emission events.
The recommended means was breaking pencil lead using the Hsu pencil source. !

IV Deconvolutior Methodology Applications

+ Measurements were successfully made at a remote location to deterinine the
accurate dynamic force waveform of an impact on a plate structure. '?

+ Considering the acoustic emission output from a receiving transducer to be the
convolutior of the source waveform with the Green's function of the medium and
the response funaction of the receiver, the deconvolution approach may be used to
extract information about the source or the medium knowing the other two
functions. The precision in the results that may be obtained by deconvolution was
studied in terms of practical experimental limitations with real trausducers.

V Mathematical Analyses

» The capability of the deconvolution procedure for flaw characterization when
using the inverse Gaussian function as the modeled probe source was evaluated and
reported. This capability was based on a time domain deconvolution method for
determining the impulse response of linear time invariant systems wherein the
inverse Gaussian pulse is used to approximate the Dirac delta function. * ¥*

¢ A new mathematical technique was developed for the experimental
determination in the time domain of the impulse response of linear systems. This
development was pursued to address the difficulties encountered in the ill-posed
deconvolution problem using a Green's function approach. The technique centered
around the use of specifically designed probe waveforms that are approxinations to
the Dirac delta function or the Heaviside step function. This allowed for
continuous deconvolution, a powerful option in the presence of noise, by smoothing
out the singularities in the Green’s function of the system. '* "/

» The finite element method was used to study transient wave propagation in a
plate. This study provided a basis for the impact-echs iechnique as a .
ncndestructive test for flaw detection in concrete. The surface displacement




calculations due to point impact on a plate were in good agreement with those
obtained using the Green’s function soiution. **

« A recently developed signal processing technique of B. Kidem using higher-order

crossings was evaluated and adapted to acoustic emission signal discrimination. The

mathematical concepts have unique physical significance to the physical problems of
. elastic wave propagation. !

VI Computer Software Developments

« The inverse problem in acoustic emission was addressed. Specifically, a
procedure for determining the force-time function of a point force of unknown
nature as applied to a solid was described and implemented in computer code. ¥
» The mechanics part of acoustic emission detection was evaluated in a
fundamental study, and p:actical applications for the technique were presented. A
computer program was developed based on the Green's function formulation to
predict the acoustic emission waveforms knowing the source aud the medium’s
elastic properties for the case of an infinite plate. 2 2 %

o Computer algorithms were der.ved for the dynamic Green's function which can
be used to determine the response of ultrasonic receivers to the scattered energy in
specific materials insonified by the output of kinown sources. One specific
configuration, involving two transducers in a liquid medium facing a solid specimen,
was emphasized for its practical application to materials testing. ¥

VII Solid Materials Applications

» The point source-point receiver methodology was successfully applied to the
study of flaws in hardensd concrete. A dropping steel ball was the soi .ce and a
conical broadband displacement transducer was the receiver. With the help of
numerical solutions for the response of an infinite plate to surface imnact in order
to interpret experimental signal traces, the location and extent of simulated flaws
embedded within the concrete were determined.

e An approach to charactenize the ultrasonic wave field (inside a solid) produced
by a piezoelectric transducer was demonstrated. The steps of this approach
consisted of (a) the photoelastic visualization of the moving pulse in a transparent
solid, (b) a point displacement field measurement at the plate epicenter, and (c)
dynamic transient wave field analysis using a finite element technique. ¥

o A simple technique was reporteq, in which the echo waveform generated by a
point impulse and received by a point normal displacement transducer was used to

. determine the longitudinal, shear, and Rayleigh ‘ave speeds. The NBS conical
transducer was used as an example for a point s surce generator and point
displacement cetector. *




« The influence of interface conditions on the behavior of transieat waves were
studied for a structure consisting of an isotropic layer overlay on an isotropic half-
space. The generalized ray expansion technique with the Willis inversion method
was used. The theory predicts results that are highly dependent upon thc properties
of the interface bond. Experimental waveforms can, therefore, elucidate the
condition of a bond. ¥

VIiIl Ultrasonic Power Sources

¢ Quartz transducers designed and fabricated at NIST as stable transmitters of
ultrasonic power were evaluated as potential power standards. An international
intercomparison of measurements of the power emitted by taese standards was

made, and the results reported by NIST serving as the pilot laboratory. *

» The NIST ultrasonic absolute power transfer standard, Standard Reference
Material 1855, was developed and offered for distribution in order to provide the
medical community in particular with a means to evaluate th= radiation output of its
clinical ultrasonic equipment. The contribution of this reference standard to the
medical profession is recognized by its inclusion in a recent text on ultrasonic
exposimetry. ' ¥

IX Miscellaneous

o The various ultrasonic measurement services offered by NIST, and undergoing
continuous improvement over the past decade with support from the ONR program
for research in ultrasound, were reviewed and summarized at the recent National
Conference of Standards Laboratories in Wash:ngton, DC. »




BIBLIOGRAPHY

1. D. Eitzen, F. Breckenridge, R. Clough, N. Hsu, T. Proctor, J. Simmons, C. Stockton,

and H. Wadley, "Fundamental Developments in Acoustic Eniission Measuremeats: The

NBS Prograins," Proceedings of Quantitative NDE in the Nuclear Industry, R. B. Clough, ed.
. Metals Park, OH: American Society for Metals; 1983.

2. T. Proctor, "More Recent Improvements on the NBS Conical Transducer,” J. Acoustic
Emission, Vol. 5(4); 134-142; 1986.

3. S. Fick, N. Hsu, and T. Proctor, "The Design and Calibration of a Novel Piezoelectric
Point Contact High Fidelity Ultrasonic Transducer," Proceedings of 11th World Conference
on Norndestructive Testing November 1985.

4. T. Proctor, "A High Fidelity Piezoelectric Tangential Displacement Transducer for
Acoustic Emission," J. Acoustic Emission, Vol. 7, No. 1, 1988; 41-48.

5. T. Proctor, "Transducer for Measuring Transient Tangential Motion," United States
Fatent No. 4,782, 701 issued Nov. 8, 1988.

6. F. Breckenridge, T. Watanabe, H. Hatano, "Calibration of Acoustic Emission
Transducers: Comparison of Two Mecthods." Proceedings of the 6th International AE
Symposium, 31 October-3 November, 1982, Susono, Japan, 448-458.

7. M. Ohisu and K. Ono with Appendix by F. Breckenridge and T. Watanabe, "A New
Method of Acoustic Emission Transducer Calibration," J. of Acoustic Emission, 3(2): 59-
68; 1984 April-June.

8. D. Eitzen and H. Wadley, "Acoustic Emission: Establishing the Fundamentals,” J. Res.
Nat. Bur. Stand. (U.S.). Vol. 89(1): 75-100; 1984 January-February.

9. D. Eitzen, and F. Breckenridge, "Acoustic Emission Sensors and Their Calibration,"
Nondestructive Testing Handbook, Second Edition, Chapter 5, Columbus, OH: American
Society for Nondestructive Testing; 1988, 122-134.

10. F. Breckenridge, T. Proctor, N. Hsu, S. Fick, and D. Eitzen, "Transient Sources for
Acoustic Emission Work," Proceedings of the 10th International Acoustic Emission
Symposium, Sendai, Japan, 1990 Oct. 20-25, Progress in Acoustic Emission V, The
Japanese Society for NDI; 1990, 20-37.

11. MIL-HDBK-785, Military Standardization Handbook, Field Assurance of Acoustic
Emission System Operation Using Simulated Acoustic Emission Events, 1 October 1987.

12. T. Proctor and S. Fick, "Remote Dynamic Contact Force Measurement Using the NBS
Conical Transducer," (to be published).

w



13. F. Breckenridge, T. Proctor, N. Hsu, and D. Eitzen, "Some Notions Concerning the
Behaviur of Transducers," Proceedings of the 8th International Acoustic Emission
Symposium, Tokyo, Japan, 1986, Oct. 20-24, Progress in Acoustic Emission IIl, The
Japanese Society for NDI; 1986, 675-684.

14. D. Eitzen, N. Hsu, T. Proctor, and A. Carasso, "Deconvolution by Design: An
Approach to the Inverse Problem of Ultrasonic Testing," Technical Activities 1984 - Office
of Nondestructive Evaluation, Nat. Bur. Stand. (U.S.). NBSIR 84-2944; 1984 November,
48-49.

15. A. Carasso, and N. Hsu, "The Inverse Gaussian Pulse in the Experimental
Determination of Linear System Green’s Functions," Transactions of the Second Aimy
Conference on Applied Mathematics and Computing. Rensselaer Polytechnic Institute, Troy,
NY, 1984 May, ARO Report 85-1, U.S. Army Research Office, Mathematical Science
Division, P. O. Box 12211, Research Triangle Park, NC 27709; 1985, 389-404.

16. A. Carasso and N. Hsu, "Probe Waveforms and Deconvolution in the Experimental
Determination of Elastic Green’s Functions," SIAM Journal on Applied Mathematics, Part
A, 45(3): 369-382; 1985 June.

17. A. Carasso and N. Hsu, "L” Error Bounds in Partial Deconvolution of the Inverse
Gaussian Pulse," SLAM Journal on Applied Mathematics, 45(6): 1029-1038; 1985

December.

18. M. Sansalone, N. Carino, and N. Hsu, "A Finite Element Study of Transient Wave
Propagation in Plates," J. Res. Nat. Bur. Stand. (U.S.), 92(4): 267-278; 1987 July-August.

19. N. Hsu and D. Eitzen, "Higher-Order Crossings - A New Acoustic Emission Signal
Processing Method," Progress in Acoustic Emission IV, Proceedings of the %ih International
Acoustic Emission Symposium, 1988 November 14-17; Kobe, Japan. Japanese Society for
NDI, 1988; 59-66.

20. N. Hsu, D. Eitzen, "Experimental Determination of a Point Impact Force-Time
Function," (to be published in Experimental Mechanics).

21. N. Hsu and D. Eitzen, "Analytical Approach to Acoustic Emission Signal Processing:
Problems and Progress," Proceedings of the Seventh International Acoustic Emission
Symposium, Sendai, Japan, 1984 October, 23-26. Progress in Acoustic Emission II, The
Japanese Society for NDI; 1984, 326-334.

22. N. Hsu, "Fundamental Studies of AE and Their Practical Applications,” The 006
Research Committee Special Publication No. 93, Japanese Society of Nondestructive
Inspection, Tokyo, Japan; 1990, 1-12.

23. N. Hsu, "Plate Green's Function - A Computer Program and Its Application to
Acoustic Emission," J. of Acoustic Emission, 5(3): $28; 1986 July-September.




Q

24. N. Hsu and K. Yamaguchi, "A Rational Approach to Acoustic Emission Signal
Analysis and System Calibration," Proceedings of the 10th International Acoustic Emission
Symposium, Sendai, Japan, 1990 Oct. 22-25, Progress in Acoustic Emission V, The
Japanese Society for NDI; 1990; 59-66.

25. N. Hsu, S. Fick, and G. Blessing, "Green’s Function of a Liquid/Solid Interface and
Application to Fluid Coupled Ultrasonic Materials Testing," (to be published in the 1992
Ultrasonic Symposium Proceedings of the Institute of Electrical and Electronics Engineers).

26. N. Carino, M. Sansalone, N. Hsu, "Flaw Detection in Concrete by Frequency
Spectrum Analysis of Impact-Echo Waveforms," (to be published in International Advances
in Nondestructive Testing).

27. N. Hsu, G. Chen, and M. Sansalone, "Characterization of a Piezoelectric Transducer
Coupled to a Solid," 1987 Ultrasonic Symposium Proceedings, IEEE Cat. #87CH2492.7,
689-692; 1987.

28. N. Hsu and D. Eitzen, "Point Source/Point Receiver Ultrasonic Wave Speed
Measurement," Proceedings of 1987 Ultrasonic International Conference, 1987 July 6-9,
London, England; 509-513.

29. S. Ren. N. Hsu, and D. Fitzen, "Transient Green's Tensors for a Layered Solid Half-
Space With Different Interface Conditions," The Journal of the Acoustical Society of
America, Sup. 1, Vol. 83, Spring 1988.

30. C. Tschiegg, M. Greenspan, and D. Eitzen, "Ultrasonic Continuous Wave Beam-Power
Measurements; International Intercomparison," J. Res. Nat. Bur. Stand. (U. S.); 88(2): 91-
103; 1983 March-April.

31. S. Fick, "The NIST Power Reference Source," (to be published in Ultrasonic
Exposimetry, CRC Press, eds. M. Zisken and P. Lewen).

32. S. Fick, F. Breckenridge, C. Tschiegg, and D. Eitzen, "An Ultrasonic Absolute Power
Transfer Standard," J. Res. Nat. Bur. Stand. (U.S.); 89(2); 209-212; 1984 March-April.

33. S. Fick, "Ultrasonic Mezsurement Services at NIST," Proceedings of National Conf. of
Standards Labs., Washington, DC, 1992 August.



_ BRSNS

1ot Apgu. v ef
REPORT DOCUMENTATION PAGE Ml Mo 0704 01hg
PuUDNiC repcrting Burden trr thiy roliecion S .AfZamatior 3 eAlimaLea 13 4. fra e R GVIVIE v ST 217 P vdinG e Lme toti0, Aoy -I') R L FE T B Y T IR I U R P ET SCNUSu
gatheqirq ard maintaiming the 23ta necded. anq'(c—rr-:;nmq .::c :.-;n-rq l';' .:rll":-f,r-:,' l:-)"]ﬂ:-al - .fno‘:[r,mnzo;tyt: a9 ':) A lrv"(""" P‘\'l"'h":; : Yy ’-""'”l\.“'l." Pre y
t informaton inlluding w3 tice rradyirg the NE- LI BN Y YIS IEVARETY T T P LTI W LT 4 L4t ot e at e Lys LA I e ot 1y qetlery -
E)oa‘vllﬁ'ﬂno:;hi:a','gunt:‘!)gd r;-:lu?gl?::, \;g")lgf); 4030) and qu_‘, m: Gttice ot rhgna ;-r-‘rr—l g Bredriet Paprensty Pegurtoa Pige (19704 0V88) Veast rjtn € 406}
1. AGENCY USE ONLY (leave blank) 2. REPORT NATE 3. REPORY TYPE AND DATES COVEHED
NOV 1992 Eingl Repo July 1982 - Nuwv, 19492
4. TITLE AND SUBTITLE S FUNDING NUMBERS
ONR-SPONSORED RESEARCH IN ULTRASONIC MEASUREMENTS PE 61153N
AT NIST: 1982-1992 GO NOOUOL1490F000)
TA 4126303

6. AUTHOR(S)
M. ii. Hsu, G. V. Blessing, F. R. Breckenridge

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) 8. PERFORMING QRGANIZATION
REPORT NUMBLR

NIST
Gaithersburg, MD 20899

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING ' MONITORING
AGEINCY REPORT NUMULR

Office of Naval Research
Physics Division - Code 1112
800 North Quincy St.
Arlington, VA 22217-5660

11. SUPPLEMENTARY NOTES

The principal investigetor, Franklin R. Breckenridge, retired from NIST on 10/4/91
To be published as a NIST Internal Report

12a. DISTRIBUTION/ AVAILABILITY STATEMENT 12b. DISTRIRUTION COIX

Approved for public release.
Distribution unlimited.

13. ABSTRACT (Maximum 200 words)

This report summarizes the research in ultrasonic mcasurcments at the National
Institute of Standards and Technology (NIST) which was supported in part by the
Physics Division of the Office of Naval Research from 1982 t0 1992. This represents
work accomplished since the last such summary report, NBSjiR 82-2529, entitled
"Ultrasonic Research Summary Report and Literature Guide to the National Bureay
of Standards/Office of Naval Research Program.” References to the publishced
literature documentiog this new work are included.

14. SUBJECT TERMS 15 NUMBLR OF PAGLS
ultrasonics, acoustic emission, ultrasonic calibration, 10
ultrasonic standard 16. PRICE COOY

17. SECURITY CLASSIFICATION ]18. SECURITY CLASSIFICATION J19. SECURITY CLASSITICATION | 20 LIMITATION Of AnSTRACT
OF REPORY OF THIS PAGE OF ABCTRACT

UUNCLASSIFIED UNCLASSIFIED UNCLASSIFIED




